n ecrotizing enterocolitis (NEC) is common in premature infants, with an incidence of 3-10% and a mortality rate for severe disease of 25-40% (1, 2) . The pathophysiology of this devastating disease remains poorly understood (3) . The major risk factors underscore the central role of host-microbe interactions: immaturity of the intestine (structural, functional, and immunologic), enteral feedings, and dysbiosis (imbalance in the intestinal microbiota) (3, 4) . Probiotics are dietary supplements containing live health-promoting bacteria. Several well-designed clinical trials have demonstrated a decreased incidence of NEC in premature infants receiving probiotic microorganisms (5) .
In the neonatal rat model of NEC, oral administration of the probiotic Bifidobacterium bifidum protects the small intestine against the disease (6, 7) . This protective effect is associated with the reduction of inflammation, stabilization of the mucus layer, improvement in intestinal integrity, and decreased epithelial apoptosis (7, 8) .
A variety of immune mechanisms protect the intestinal mucosa both by mediating homeostatic interactions with the lumenal microbiota and by protecting from pathogenic microbes. Central to the innate immune defenses are physical and chemical barrier components, multiple pathways for microbe detection and response, and a collection of constitutive and inducible antimicrobial peptides and small proteins (henceforth referred to simply as antimicrobial peptides). Antimicrobial peptides are important in the immune function of phagocytic leukocytes and many epithelial cells. In the small intestine, antimicrobial peptides are expressed by Paneth cells, enterocytes, and leukocytes of the lamina propria (9) .
Paneth cells, located at the base of the crypts of Lieberkühn in the small intestine, sense bacteria that penetrate the mucus layer, and, in response, secrete large amounts of antimicrobial peptides that protect the intestinal mucosa, shape the intestinal microbiota, and protect the adjacent intestinal stem cells (9) . Given the importance of the chemical barrier provided by Paneth cell antimicrobial peptides (4), and the involvement of intestinal microbes in disease pathogenesis, Paneth cell antimicrobial secretions likely play a role in protecting the intestinal mucosa from NEC (10) .
In the human fetus, Paneth cells express antimicrobial peptides very early in gestation, long before exposure to bacteria, although at relatively low levels that increase with gestation (11) . These observations generated the hypothesis that immaturity of Paneth cell function contributes to the increased risk of NEC in premature infants. Infants with NEC had higher Articles Antimicrobial peptides in NEC numbers of Paneth cells and greater antimicrobial peptide mRNA expression at the time of surgery than control infants with ileal atresia, suggesting that Paneth cell antimicrobials were increased in response to NEC (12) , but that the fledgling response was inadequate in severe NEC. A contemporary study reported that some infants with NEC had very few lysozyme-positive Paneth cells, consistent with Paneth cell destruction, degranulation, or deficiency (13) . A larger, more recent analysis demonstrated no change in Paneth cell numbers or expression of Paneth cell antimicrobials during acute NEC in premature infants, but reported marked increases in Paneth cell numbers and expression of human defensin (HD) 5 during recovery from NEC (14) . Paneth cell metaplasia in the colon was also noted during recovery, a finding that has been reported previously in inflammatory bowel disease, but not NEC (14) .
The aims of this study were: first, to define the development of intestinal antimicrobial molecule expression in the healthy rat pup, and, second, to analyze the expression of these products in a well-established rat model of NEC with and without the probiotic B. bifidum. We report that the rat pup, similar to premature infants, has low expression of Paneth cell antimicrobials that increases during development. Furthermore, we report an induction of antimicrobial peptide expression in experimental NEC that is attenuated when disease is averted by probiotic administration.
ReSULTS
The rat pup is born with an immature intestinal tract that matures during the first 21 days of extrauterine life, modeling the changing intestinal tract of the premature infant. The rat small intestine contains Paneth cells and secretes antimicrobial peptides that are orthologous to those of the human ( Table 1) . Figure 1 summarizes the mRNA expression of antimicrobial peptides in development from 3 days of age up to adulthood. Note that in order to display the wide range of expression (>10,000-fold), the y-axis is a log scale. For the enzymes lysozyme and secretory phospholipase A 2 (sPLA 2 ), the α-defensins (cryptdins) 5 and 6, and the defensin-processing enzyme matrix metalloproteinase (MMP) 7, the rapid change approximated a logarithmic increase, with correlation coefficients that ranged from 0.71 for lysozyme to 0.94 for MMP7. For the C-type lectins pancreatic-associated proteins (PAP) 1 and 3 and the α-defensin neutrophil peptide (NP) 3, expression changed minimally in the rat pup but dramatically increased at the time of weaning (day 21) and remained high in the adult. The housekeeping gene GAPDH did not vary significantly during development. Expression of cathelicidin-related antimicrobial peptide (15) , pancreatic secretory peptide/islet regenerating peptide (Reg) and BD2 (a β-defensin) (16) were at or below Articles Underwood et al.
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the level of reliable detection (100 mRNA copies/10 ng total RNA) throughout development (data not shown).
Antimicrobial Peptides Are Variably Expressed in the Developing Rat Pup
Sections of ileum from rat pups of varying ages stained with antibodies to lysozyme, NP3, and PAP/RegIII (stains both PAP1 and PAP3) are presented in Figure 2 . Lysozyme and NP3 were strongly expressed in adult Paneth cells, but were not detectable in the youngest rat pups. There has been some controversy regarding the localization of PAP/RegIII in the small intestine. In the mouse, the orthologous molecule RegIIIγ is expressed in the secretory granules of the Paneth cell (17) . In the rat, early studies immunolocalized PAP/RegIII to the enterocytes of the lower villus (18) . We found that PAP/RegIII was present in the enterocytes even in the youngest rats, with minimal signal noted in the lower villi and crypts.
Antimicrobial Gene Expression Is Increased in the NEC Rat Model and Attenuated by B. bifidum
As shown previously (7), the incidence of histologic NEC was 0% in the dam-fed (DF) group, 57% in the hand fed with formula (FF) group, and 17% in the hand fed with formula containing Bifidobacterium bifidum (FF + BIF) group (P < 0.01 χ 2 analysis). Administration of B. bifidum reduced the median histologic score to 1.0 compared with 2.0 in the FF group (P ≤ 0.01) (7) . The small intestinal mRNA expression of antimicrobial enzymes, defensins, and C-type lectins is summarized for the three groups of rat pups in Figure 3 . The comparisons between rat pups developing NEC (FF) and the other groups that demonstrated significant differences are denoted with asterisks (*P < 0.05, **P < 0.01, † P < 0.001). Significant increases in expression of lysozyme, sPLA 2 , PAP1, and PAP3 occurred in the FF group compared with the DF group and of lysozyme, sPLA 2 , and PAP1 in the FF group compared with the FF + BIF group. Cryptdins 5 and 6 demonstrated a similar pattern that did not reach statistical significance. The error bars in Figure 3 represent the 95% confidence intervals for fold change of expression of the FF and FF + BIF groups over the DF group and allow an additional comparison (i.e., if the 5% confidence interval is >1, the difference is significant). Expression of pancreatic secretory peptide/Reg, MMP7, cathelicidin-related antimicrobial peptide, and NP3 was low in all three groups, with no statistically significant differences between groups (data not shown). Rat pups born by cesarean section 1 day early and fed by surrogate dams but not exposed to cold stress and asphyxia were similar to the dam-fed stressed group in expression of all antimicrobial molecules tested (data not shown).
Detection of Antimicrobial Molecules in the NEC Rat Model
Sections of ileum from rat pups in the DF and FF groups showed positive staining for lysozyme in discrete cells in the lamina propria, with no difference between groups, but no staining of Articles Antimicrobial peptides in NEC epithelial cells (data not shown). We could not detect staining of NP3 in either group, suggesting that expression is too low for detection at this developmental stage. In spite of the dramatic increase in PAP1 and PAP3 in the FF group at the mRNA level, attempts to demonstrate differences between DF and FF tissue at the protein level with immunohistochemistry and western blotting using three different antibodies were unsuccessful. Whether this reflects no true change at the protein level or challenges specific to the antibodies selected is unclear.
DISCUSSION
NEC remains a devastating disease of premature infants. Immaturity of the integrity of the intestinal barrier (physical, chemical, and functional) and differences in the intestinal microbiota appear to be important predisposing factors (3, 4, 19) . Clinical studies indicate that probiotics are currently among the most promising preventive interventions (5, 20, 21) . Our previous studies with B. bifidum OLB6378 have shown decreased intestinal injury and improved integrity of the intestinal barrier (7) and downregulation of intestinal apoptosis (8) in the rat NEC model. This study was designed to investigate a central component of the mucosal innate immune system of the rat pup: antimicrobial peptides in development and in the rat NEC model. Our results show that as the rat pup matures toward weaning, mRNA expression of several intestinal antimicrobials increases from 1,000-to 10,000-fold. These changes are most marked for lysozyme, sPLA 2 , cryptdin 5, and cryptdin 6, all of which are produced in Paneth cells, but not enterocytes. PAP1 is highly expressed even in the very young rat pup; both PAP1 and PAP3 increase >100-fold near the time of weaning. NP3 is an α-defensin that is produced in both the neutrophil and the Paneth cell in the rat. MMP7 is a metalloproteinase that cleaves the inactive forms of the Paneth cell cryptdins to the active forms in rodents. Both of these Paneth cell products increase dramatically near the time of weaning.
Several differences in intestinal antimicrobial development between the mouse, the rat, and the human are noteworthy. In the human fetus, Paneth cells are identifiable by ultrastructural analysis and reverse transcriptase-PCR detection of HD5 and HD6 as early as 14-17 weeks gestation with increases in mRNA by northern analysis of 40-250fold between premature infants and adults (11) . In mice, the appearance of lysozyme-staining Paneth cells between 4 and 7 days of life correlates with the development of resistance to infection with pathogenic Shigella (22) . Expression of mouse intestinal defensins increases 100-1,000-fold with development from the newborn to adult (23) . The low expression of cathelicidin-related antimicrobial peptide in the young rat pup is in striking contrast to the mouse, in which constitutive expression is observed for the first 2 weeks after birth and then gradually decreases (23) . In the mouse, Paneth cells are first identifiable at 7-14 days of life (22, 24) . Our ability to identify the initial appearance of Paneth cells, the sources of antimicrobial peptides in the young rat pup, and changes in Paneth cell numbers in the rat NEC model is hampered by the lack of antibodies to Paneth cell-specific peptides such as cryptdin 5 and cryptdin 6.
It is likely that the expression of these different antimicrobial products in the rat reflect multiple mechanisms of control as reported in the mouse. RegIIIγ (the mouse PAP/ RegIII ortholog) and MMP7 appear to be inducibly expressed with minimal expression in germ-free mice and marked increases upon exposure to the intestinal microbiota (17, 25) . In contrast, the mouse α-defensins (cryptdins) appear to be expressed constitutively with little or no differences between germ-free and conventionally raised mice (26) . Our data in the rat support the notion that lysozyme, sPLA 2 , cryptdin 5, and cryptdin 6 increase rapidly with development, whereas PAP1, PAP3, NP3, and MMP7 increase at about the time of weaning, likely in response to changes in the intestinal microbiota.
The dramatic increases during development of rat intestinal antimicrobial expression parallel the more limited observations in human fetuses and premature infants. These observations suggest a possible association between the diminished Paneth cell products in premature infants and the susceptibility of these infants to NEC. Specifically, low levels of antimicrobial peptide expression in premature infants (and young rat pups) may contribute to NEC susceptibility by mechanisms that involve either an inadequate response to opportunistic pathogens within the microbiota, and/or an inability to shape the developing microbiota in an ex utero environment that is not physiologic (the "normal" milieu for the premature intestinal mucosa is to be bathed by swallowed amniotic fluid that is generally free from bacteria and bacterial antigens (27, 28) ).
To further explore this hypothesis, we utilized a well-established rat model of NEC. In this model, experimental NEC was attenuated by concurrent administration of B. bifidum (6) , and completely obviated in rats remaining with and fed by surrogate dams but exposed to the same levels of asphyxia and cold stress. Our analyses demonstrate that the mRNA expression of several antimicrobials is significantly increased in the FF rat pups that develop NEC, compared with DF controls exposed to the same asphyxia and cold stress that do not develop NEC. The pups that received formula supplemented with B. bifidum were relatively protected from NEC and had correspondingly minimal increases in expression of the antimicrobial peptides. Intestinal antimicrobial peptides are induced in NEC at the mRNA level, but the levels are low and difficult to detect at the protein level with available reagents, and thus may be inadequate to defend the immature gut from invasion and disruption by microorganisms.
It is possible that the increase in antimicrobial peptides in the FF pups is a response to mucosal inflammation. Indeed, in the colon, β-defensins 2 and 3 are induced by proinflammatory cytokines such as interleukin-1β and tumor necrosis factor-α (29) . Likewise, adults with ankylosing spondylitis have increased expression of the α-defensin HD5, lysozyme, and sPLA 2 in the presence of chronic inflammation, but not in the presence of acute inflammation or normal histology (30 (31) . In ileal Crohn's disease, decreased expression of HD5 and HD6 is observed, and more significant reductions are closely related to a specific mutation in the nucleotide-binding oligomerization domain containing 2 receptor; these changes did not correlate with inflammation (32) . In colonic Crohn's disease and ulcerative colitis, Paneth cell metaplasia results in increased expression of α-defensins that is isolated to the colon. In these various investigations there is a lack of evidence for induction of Paneth cell antimicrobial peptides in acute inflammation, therefore we favor the explanation that the noted increases observed in this study are a response to disease (albeit insufficient for prevention) rather than a response to inflammation.
One proposed mechanism of probiotic action is stimulation of innate antimicrobial production. The impact of probiotics on expression of antimicrobial peptides has been studied for one of the inducible β-defensins expressed in the colon with mixed results (33) (34) (35) . Our results suggest that B. bifidum does not increase the expression of small intestinal antimicrobial products.
In conclusion, these studies show ontogenesis of antimicrobial peptides in the small intestine of neonatal rats under normal physiologic conditions. The development of experimental NEC is associated with increases in mRNA expression of several of these antimicrobial molecules at the site of injury. Oral administration of probiotic B. bifidum OLB6378 can avert both NEC and the associated increase in expression of antimicrobial peptides.
MeTHODS

Antimicrobial Expression in the Rat Pup
This protocol was approved by the Animal Care and Use Committee of the University of California-Davis. To evaluate the mRNA expression in the developing rat pup, healthy Sprague-Dawley rat pups were raised with their dams and killed at 3, 5, 10, 14, and 21 days of life (n = 6 at each time point) and compared with healthy adult rats (n = 2).
Experimental NEC Model
This protocol was approved by the Animal Care and Use Committee of the University of Arizona. Neonatal Sprague-Dawley rats (Charles River Labs, Pontage, MI) were collected by cesarean section 1 day before scheduled birth, and their first feeding started 2 h after delivery. Rat pups were hand fed every 6 h with rat milk substitute formula (FF, n = 30), formula containing 5 × 10 6 colony forming units per day of B. bifidum OLB6378 (NITE BP-31, Meiji Dairies, Odawara, Japan; FF + BIF, n = 30), or dam fed by surrogate mothers (DF, n = 16). All animals were exposed to asphyxia (breathing 100 % nitrogen gas for 60 s) and cold stress (4 °C for 10 min) twice daily (7, 8) . After 96 h, all of the surviving animals were killed by decapitation.
RNA Preparation and Real-Time PCR
For the healthy developmental rat studies (University of California-Davis), total RNA was isolated from ileal tissue using cesium chloridegradient ultracentrifugation (36) . For the rat NEC studies (University of Arizona), total RNA was isolated from ileal tissue using the RNeasy Mini Kit (Qiagen, Santa Clarita, CA) (37) . Real-time PCR for all specimens was performed using single-stranded cDNA from tissue with specific oligonucleotide primer pairs ( Table 2 ) in a temperature cycler equipped with a fluorescence detection monitor (LightCycler; Roche Diagnostics, Mannheim, Germany) as previously described (38, 39) . A negative control reaction that omitted template cDNA was included with each set of reactions to check for possible contamination.
Gene-specific plasmid standards were included with each set of reactions. The PCR conditions were: initial denaturation at 95 °C for 10 min, followed by 45 cycles with each cycle consisting of denaturation (95 °C for 15 s), annealing (60 °C for 5 s), and extension (72 °C for 10 s).
NEC Evaluation
After termination, a 2-cm piece of distal ileum was removed and fixed in 70% ethanol, paraffin embedded, and stained with hematoxylin and eosin for histological evaluation of NEC. Pathological changes in intestinal architecture were evaluated by a blinded investigator, and a score of 0-4 was assigned according to a published NEC scoring system, with scores of 2-4 defined as NEC (40) .
Immunohistochemistry
A 1-2 cm section of distal ileum was collected from each animal and fixed in either 70% ethanol or 10% formalin, paraffin embedded, sectioned at 4-6 μm, and processed as described (12, 41) . The sections were blocked with 1.5% normal goat serum (Vector Laboratories, Burlingame, CA) in phosphate-buffered saline for 20 min, and then incubated with either rabbit anti-lysozyme polyclonal antibody (Zymed; Invitrogen, Carlsbad, CA) or mouse anti-rat RegIIIα monoclonal antibody (R&D System, Minneapolis, MN) in 1.5% blocking serum overnight at 4 °C, then washed with phosphate-buffered saline and incubated with either biotinylated anti-rabbit or anti-mouse secondary antibody (Vector Laboratories) in 1.5% blocking serum for 20 min at room temperature. Vectastain Elite ABC reagent (Vector Laboratories) was applied, and sections were incubated for another 20 min, followed by 3,3′diaminobenzidine substrate for 5 min, then light green counterstain. 
